Abstract. The effect of hydrogen on the magnetic properties of a series of sputtered Y,-,Fe, alloys with x-0.32, 0.48, 0.68, 0.82 and 0.88 is studied by magnetisation measurements and Mossbauer spectroscopy. Hydrogen desorption from all samples was followed by thermopiezic analysis. Dilation. x-ray and uv photoemission and low temperature specific heat were measured on iron-rich alloys (x=O.82 or 0.88). All alloys except x=O.48 absorb significant quantities of hydrogen (up to 4.5 moles per mole of yttrium). The added volume is 1.7 cm'mol-'. Photoemission spectra of hydrogenated iron-rich alloys resemble those of the crystallised material, having a large density of states at the Fermi level E F and a specific heat coefficient y of 13 mJ mol-' K-l; the density of states of the unhydrogenated material is much smaller although y is larger. Magnetic order in the x = 0.88 sample evolves continuously from asperomagnetic to ferromagnetic with increasing hydrogen content: corresponding changes in magnetic ordering temperature, aligned moment in 5 T and total magnetic moment on the iron are from 10h.525 K , 1.5+2.3pB/Fe and 2.1+2.4p8. respectively. The decrease in frozen spin disorder on hydrogenation is a consequence of a shift in the exchange distribution towards more positive values due to an increase in the average Fe-Fe distance and an increase in the density of states at EF. The large linear specific heat and a linear temperature dependence of the average hyperfine field at low temperatures in the asperomagnetic state are linked to magnetic excitations of the frozen spin system. The critical concentration for the appearance of magnetism on the iron is reduced to x=0.2 on hydrogenation.
Introduction
The magnetic properties and Mossbauer spectra of a series of sputtered amorphous Y,-,Fe,, alloys with 0.32SxS0.88 were described in two earlier papers (Coey et a1 1981, Chappert et a1 1981, hereafter referred to as I and 11, respectively). It was found that a magnetic moment on the iron begins to develop when ~3 0 . 3 .
As x increases, the average iron moment deduced from the "Fe hyperfine field distribution approaches 2.1 pB, although there is a wide range of composition where magnetic and non-magnetic iron sites coexist. In alloys with ~3 0 . 3 , magnetic ordering sets in below a temperature T M , marked by a susceptibility maximum and the development of hysteresis. T M increases with x to reach 109 K for x = 0.88 but the magnetic structure is 0305-4608/88/061299 + 12 $02.50 0 1988 IOP Publishing Ltd not collinear for any composition, nor could the moment be fully aligned in applied fields of up to 18 T. Nevertheless there is evidence from the susceptibility above TM (I) and inelastic neutron scattering below (Murani and Rebouillat 1982) that ferromagnetic correlations exist over a wide range of distances. The spin dynamics of the x = 0.67 composition resembles those of the dilute crystalline spin glass CuMn. Features that distinguish the iron-rich a-Y-Fe alloys from canonical spin glasses are the ease with which an appreciable fraction of the collinear saturation magnetisation can be induced by a small applied field, and the ferromagnetic hysteresis behaviour. The data can be rationalised by supposing that there is no long-range ferromagnetic component in zero field but that there are low-lying excited states where the iron moments are randomly orientated with anisotropic probability distribution to give a long-range ferromagnetic tic longitudinal component and randomly frozen transverse spin components; these are the asperomagnetic configurations, (Moorjani and Coey 1984) which possess a net moment (11). In zero field the correlation length or asperomagnetic 'domain' size is of order 25 A (I).
The physical origin of the magnetic properties of a-Y-Fe was thought to be a distribution of Fe-Fe exchange interactions which is predominantly positive (ferromagnetic) but includes some negative (antiferromagnetic) coupling. This distribution was associated with the distribution of Fe-Fe nearest-neighbour distances present in the amorphous state (Forrester et a1 1979) , with negative exchange being associated with distances shorter than 2.54 A. A ferromagnetic surface layer up to 3 nm thick with Tc-450 K has been observed to form as the surface relaxes giving an increased average Fe-Fe distance (Bhagat and Lloyd 1981) .
In order to test these ideas, we used hydrogen as a means of dilating the structure. Metallic glasses have a continuum of different absorption sites for hydrogen, and tend to form continuous solid solutions with hydrogen. In a preliminary report (Coey et a1 1982) we found that the iron-rich alloys become good soft ferromagnets on hydrogenation, with Curie temperatures in excess of 400 K. An account of hydrogen uptake of melt-spun yttrium-rich compositions has appeared in recent conference proceedings (Coey et a1 1985) . Here we present a more extensive and quantitative report on the influence of hydrogen on a-Y,-.,Fe,, including measurements not only of its effect on the sample volume, but also on the density of states detected by XPS and UPS. The magnetic properties are reported for a wide range of composition and hydrogen content.
Experimental results
Since the preparation and characterisation of the samples was fully described in I and 11, it is sufficient here to give information on the hydrogenation procedure and characterisation of the hydrides, together with the main experimental results. Crystallisation temperatures, which were not included in I, were measured by differential scanning calorimetry (DSC); they are listed in table 1.
Preparation and characterisation
Samples for magnetisation and Mossbauer measurements were hydrogenated electrolytically using a current of order 1 mA in a cell where the sample forms the cathode and the anode is a 100 mm' platinum electrode. In some cases the amorphous Y-Fe foil was sandwiched between two sheets of stainless-steel mesh to avoid buckling and fracture. Several electrolytes were tried, but 0.1 M K2C03 solution containing a trace of sodium arsenite was most satisfactory. It was noted that samples would absorb hydrogen from acid solutions without passing any current. Hydrogenation of the samples examined by photoemission in UHV was done by implantation in situ.
After hydrogenation, part of each foil was analysed by thermopiezic analysis (TPA) using an automated miniature thermomanometer specially designed for milligram samples (Ryan and Coey 1986) . Masses used were in the 1-10mg range and the maximum pressure of hydrogen evolved in the 2.68 cm3 active volume of the device was 250 mbar (25 kPa). Data shown in figure 1 are expressed as pressure of hydrogen evolved per mg of yttrium, since iron is expected to play little part in the hydrogen uptake. The atomic ratio of hydrogen to yttrium is also given. The active volume was evacuated at room temperature before making the measurements by heating up to 1000 "C at a rate of 25 "C min-'.
Iron-rich alloys (x=O.82, 0.88) evolve as much as 4.5 H/Y on heating. These hydrogenated materials retain most of their hydrogen for periods of the order of a year at room temperature (Coey et a f 1984) . They are stable on heating up to above 100 "C in the thermopiezic analyser, but on further heating they lose hydrogen continuously up to their crystallisation temperature of about 500 "C, where the hydrogen pressure drops sharply. The likely explanation is that crystalline Y2Fe,, or YFeS form hydrides which are stable to about 850°C. On thermal recycling of the crystallised alloy in the analyser, the only hydrogen loss occurs near 850°C. It is remarkable that the figure of 4.5 H/Y must be something of an underestimate of the hydrogen content of the starting amorphous alloy because hydrogen evolution is incomplete at 1000 "C. Alloys richer in yttrium (x<0.7) evolve relatively little hydrogen when heated.
Hydrogenated Yo 3zFeo 6x appears to be rather unstable; it shows significant hydrogen loss below 100 "C in the TPA curve of figure 1, and loses most of its hydrogen at room temperature in a matter of days. Yo,52Feo,4x is worse in that hydrogen retention at room temperature is negligible. (No significant change was observed in Mossbauer isomer shift, nor is there any sign of hydrogen evolution by crystalline hydrides at the highest temperatures.) However, Yo.h8Fel~.32 can be successfully hydrogenated and exhibits a drop in hydrogen pressure on crystallising to YFe2+Y; the H/Y ratio in the hydrogenated amorphous alloy must be considerably greater than that measured because crystalline yttrium retains some hydrogen at temperatures well in excess of 1000 "C. It is clear from figure 1 that not all the hydrogen has been evolved at 1000 "C. Figure 2 shows data which demonstrate that the alloys remain amorphous but expand on hydrogenation. The main maximum in the x-ray diffraction pattern moves inwards, corresponding to a dilation of approximately 2%. The increase in length of another sample measured at intervals during the course of hydrogenation saturates after about 20 minutes, at Al/l=3.0(1)%. From this we can estimate the volume occupied by the hydrogen. Assuming a molar volume Q = 9.5 cm3 for Yo.,2Fe0,RR ( p = 6.3 g cm-3) based on the elemental liquid densities, the 3.0% linear expansion corresponds to a volume of 0.88 cm3 mol-'. The composition of the fully hydrogenated alloy deduced from TPA is Yo,12Fel).wHo.52 so the added volume due to hydrogen is AV=1.7cm3 mol-' of H or 2.8A3/H atom?. These values are in excellent agreement with those found in a wide range of crystalline alloys (Peisl 1978 , Westlake 1983 , Maeland 1985 ; AVlQ = 0.18.
Electronic structure
The increase in Mossbauer isomer shift 6 on hydrogenation of ay-Fe has been fully described in another paper (Coey el a1 1984) . The effect for Yl).lZFel).KR, (ad/a In V) = -2.5 mm s-', is about twice as large as the volume dependence of the isomer shift that would normally be expected (Kalvius et a1 1974 ). It appears that there must be a significant modification of the electronic structure by hydrogen.
To investigate this point further we have carried out UPS and XPS measurements on the Yo.,,Fe,,,,, alloy in the amorphous, hydrogenated and crystallised states. A VG system with double anode (AI/Mg) operating in a vacuum of 5 x lo-"' Torr was used, and the surface was cleaned by argon-ion bombardment at 5-10 min intervals. No Ar peak was observed, and there was only a slight trace of 0 2s at -531.6 eV. The Fermi energy was defined by a Ni standard. The changes of state were followed in situ by proton bombardment or heating the amorphous starting alloy. Figure 3 compares UPS data with the sample at 300°C and 600°C. The same broad spectrum is observed throughout the range 25-500 "C, but on crystallisation at 600 "C it changes completely to show a large increase in density of states near the Fermi level EF due to the iron 3d bands. The spectra of the hydrogenated and crystallised films are similar, except for the presence of a peak at 11 eV in the former case which may be associated with hydrogen-like states. XPS data in figure 4 confirm the resemblance between the crystallised and hydrogenated states. The amorphous alloy at 500 "C, before crystallisation, shows a flat density of states which drops off 1 eV below EF. After crystallisation or hydrogenation the density of states near EF becomes much larger. This fits in with the observation that the isomer shifts of iron-rich hydrogenated amorphous alloys approach those of the ferromagnetic crystalline Y-Fe phases. Another measurement which is sensitive to the density of states at E F is the low-temperature specific heat. We have examined amorphous Yo,,rFe,,.,, before and after hydrogenation. Milligram samples were measured using the thermal relaxation Figure4. XPS spectra of Y,, ,,Fe,, x2 in the amorphous. amorphous hydrogenated and crystallised states. method (Backmann et a1 1972) in an apparatus constructed by R Buder. Normally, the low temperature specific heat of a metal can be represented by the expression C = y T + p T 3 ; results are plotted in figure 5 as C/T:T'. y is 23(1) mJ mol-lK-' and it cannot be mainly electronic in origin, since the density of states at the Fermi level (figures 3 and 4) is too small to account for the large value of y observed, and increases sharply on hydrogenation while y actually falls to 13(1) mJ mol-' K-*. / 3 is 0.33 and 0.48 mJ mol-' K-' in the two cases, corresponding to Debye temperatures of 181 K and 159 K for the unhydrogenated and hydrogenated materials respectively.
Magnetic properties
Hydrogenation completely changes the nature of the magnetic order in the iron-rich alloys. This is apparent from the 4.2 K magnetisation curves shown in figure 6. Before hydrogenation, alloys have a noncollinear magnetic structure and the magnetisation of the iron-rich alloys approaches saturation as log H (i.e. dHldM cc H at any temperature). This law will be discussed elsewhere. However, on saturation with hydrogen both x = 0.82 and 0.88 alloys become collinear ferromagnets, and the x = 0.63 alloy is nearly so. Ferromagnetic saturation moments after hydrogenation are a little in excess of 2pB, in agreement with moments deduced from the average hyperfine field (table 1) . In order to follow the evolution of the magnetic structure as a function of hydrogen content y we have examined the Y,,,,zFer,.xxH,, alloy in some detail; electrolysis was arrested before saturation, magnetisation curves were obtained as a function of temperature from 1.6 K to 300 K and the same sample was then loaded with more hydrogen and remeasured. There were four electrolysis steps covering the range Oaya0.52. Continuous evolution towards a ferromagnetic state occurs with increasing y ; the saturation magnetisation deduced from Arrott plots increases, while the high field slope decreases. Some of the Arrott plots are illustrated in figure 7, and magnetisation curves obtained at 4.2 K in decreasing field are shown in figure 8. The temperature variation of the zero-field magnetisation extrapolated from the Arrott plots can be represented by straight lines on an M?T' diagram for the larger values of hydrogen content. Similar behaviour has been observed previously in amorphous Y-Ni alloys without hydrogen (Lienard and Rebouillat 1978) . It is by extrapolating the data in figure 9 that we deduce the value of T, for the alloys with y>0. 1, which cannot be measured directly because hydrogen loss becomes important above 2100 "C.
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Mossbauer spectra
The Mossbauer spectra of unhydrogenated amorphous Y , -.rFe, have been discussed in detail in 11. The Yo,,,Fe,,,, sample shows a distribution of hyperfine field, which remains broad after hydrogenation but with an increased average value. Average iron moments in table 1 are deduced from the average 4.2K hyperfine fields using the conversion of 14.5 T/pB discussed previously.
In the case of Y,,.hXFei,.32 alloy, we established in I1 that this was nonmagnetic at 4.2 K with no moment on the iron. The iron content was below the critical concentration x, for the appearance of magnetism. On hydrogenation, the quadrupole doublet is broadened at 4.2 K and there appears a clear hyperfine splitting for about 30% of the iron. The critical concentration is shifted to lower values of x in sputtered, as it is in melt-spun yttrium-rich Y-Fe amorphous alloys (Ryan et a1 1985) . The shift in x, is estimated to be about 0.10.
Discussion
The dramatic transformation of the iron-rich alloys from asperomagnets with a spin freezing temperature near 100 K to ferromagnets with a Curie point of up to 500 K is attributed to a hydrogen-induced shift in the distribution of exchange interactions towards more positive values. This was originally related to the dilation of the noncrystalline lattice (Coey et a1 1982) , but it is now clear that a change in structure of the 3d band, evident from photoemission, will also play a part. We reject the hypothesis that the noncollinear structures could be due to random-site anisotropy related to an orbital contribution to the 3d moment, because of the hydrogen-induced ferromagnetism of the iron alloy, and the fact that the corresponding cobalt and nickel alloys are already good ferromagnets (Heiman and Kazama 1978, Lienard and Rebouillat 1978) .
The dilation explanation for the change in magnetic properties is based on analogy with the behaviour of FCC iron. Some structural resemblances have been detected between iron-rich amorphous alloys and FCC iron (Cowlam and Carr 1985) , particularly concerning nearest-neighbour distances and coordination number. The work of Gradmann and collaborators with epitaxially-grown FCC iron layers on copper (Kiimmerle and Gradmann 1977), and other work on FCC iron precipitates in copper (Johanson er a1 1970) has established the change in sign of the iron-iron interaction from negative for dF,,,<2.54 A to positive for d,,,,>2.54 A.
The change in d-band structure near EF evident in figures 3 and 4 when the iron-rich amorphous alloy is hydrogenated or crystallises is quite remarkable. It seems unlikely that the lack of d states near EF in the amorphous alloy is an experimental artefact or due to surface contamination because the change is observed between 500 "C and 600 "C which is precisely where a-Yo ,BFeo 82 crystallises. Extensive photoemission work on amorphous Cu-Zr alloys has shown that there is stabilisation of the 3d bands by about 1 eV in the amorphous state (Oelhaven 1983). However, an earlier x-ray photoemission study of a-Y,, 2,Fe,, 7y by Connell er a1 (1984) found a sharp peak in the density of states at EF, similar to our results on crystallised or hydrogenated material.
The large 3d density of states at EF in the hydrogenated, ferromagnetic form of a-Y-Fe is consistent with the large linear specific heat ( y = 13 mJ mol-' K-'), and it may also be related to the increase in iron moment (table 1) and the change from asperomagnetic to ferromagnetic order. The iron moment could be regarded as the sum of a contribution of about 2PB in relatively narrow, and localised d levels, plus an extra contribution due to Stoner-type band splitting, which also enhances the ferromagnetic coupling. The latter term is about 0 . 3 ,~~ in the hydrogenated alloys, but it is negligible in unhydrogenated a-Y-Fe due to its much lower density of states. An increase of 0.3 pB on hydrogenation is also found in a-Sc-Fe(unpublished), a-Zr-Fe (Ryan et a1 1987a) and a-Hf-Fe (Ryan et a1 1987b) alloys. It is clear from our data that the magnetic moment of iron does not collapse when it ceases to be a collinear ferromagnet.
Besides the increase in moment, enhancement of the Curie temperature by hydrogen is also observed in the other iron-rich amorphous alloys Zr-Fe (Fujimori er a1 1984, Ryan er af 1987a), Hf-Fe (Ryan er a1 1987a, b) and Sc-Fe (unpublished) . The Sc-Fe system exhibits similar magnetic properties to Y-Fe, although the iron moment is smaller ( 1 . 6 ,~~) (Day er a1 1985) . However, the Zr and Hf data differ from iron-rich amorphous Y-Fe (the comparison is being made in the unhydrogenated state) in that they are closer to ferromagnetism than the Y material. They show a double magnetic transition with increasing temperature passing first from asperomagnets to wanderingaxis ferromagnets at T,,, and then to paramagnets at T,. The frozen transverse spin components therefore unblock at a different temperature to the longitudinal component in a-Zr-Fe and a-Hf-Fe, whereas there is a single spin freezing temperature for a-Y-Fe. In a-Zr,,,,Fe,,,,, the ferromagnetic correlation length is found to be 23 8, and essentially independent of temperature below T, (Rhyne and Fish 1985) . A similar value was estimated in I for a-Y,, ,ZFe,, hX.
An important result, deduced from our data on the x = 0.88 sample at 4.2 K as a function of hydrogen content, is that there is apparently no abrupt change in the magnetic ground state as the exchange distribution is shifted towards more positive values. In a given field, the moment increases steadily with y , and the magnetisation curves approach saturation more readily as the asperomagnetic order evolves conrinuously towards collinear ferromagnetism. We do not appear to cross any spin-glassferromagnetic phase boundary at T = 0.
The exceptionally large linear specific heat of the unhydrogenated a-Yo ]*Feo alloy ( y = 23 mJ mol-' K-') is unlikely to be electronic in origin in view of the small density of states at EF found by photoemission. Large linear terms have also been reported in the a-Zr-Fe (Mizutani er a1 1984) and a-Hf-Fe (Ryan er a1 1987b) systems, for which a near-linear variation of average hyperfine field with temperature is also found (Ryan er a1 1987a) (this behaviour in a-Y-Fe was already remarked upon in 11). It is tempting to attribute both effects to excitations of transverse spin components which would have to follow a dispersion relation E K P , as for a two-dimensional ferromagnet.
Finally, the influence of hydrogen on the appearance of magnetism was studied previously in some detail for melt-spun a-Y-Fe ribbons with x-0.35 (Ryan er a1 1985) . Here we find a similar effect in sputtered a-Y,, h8Fe0 3Z. This composition is nonmagnetic without hydrogen (11), but an iron moment of order 0 . 3~~ has developed on about 40% of the iron sites after hydrogenation. The Y+H electron transfer may reduce the Y-Fe hybridisation sufficiently to allow a moment to appear on iron sites with four or more iron neighbours (as opposed to six or more without hydrogen (11)). It is interesting that a moment on the iron is found to develop inhomogeneously on hydrogenating crystalline HfiFe (Vulliet et a1 1984) so that even in the saturated alloy magnetic and nonmagnetic iron atoms coexist.
Conclusions
Our work on the hydrogenated amorphous Y,-,Fe, system leads us to conclude:
(i) substantial amounts of hydrogen can be introduced into the amorphous alloys, except when ~~0 . 5 ;
(ii) the volume occupied by absorbed hydrogen is 1.7cm3mol-', as in many crystalline materials;
(iii) the asperomagnetic-+ferromagnetic transformation induced by hydrogen in the iron-rich alloys is due to a modification of the Fe-Fe exchange distribution towards more ferromagnetic values. The change is related to dilation of the average Fe-Fe distances and a substantial increase in the electronic density of states near E,;
(iv) the modification of the magnetic structure appears to be continuous as a function of hydrogen content; (vi) there is a shift in the critical concentration for the appearance of magnetism with hydrogen from x-0.3 to x-0.2.
